Background. High blood pressure has been associated with elevated atherogenic blood lipid fractions, but epidemiological surveys often give inconsistent results across population subgroups. A better understanding of the relation between blood pressure and blood lipids may provide insight into the mechanism(s) whereby hypertension is associated with increased risk of coronary heart disease.
Background. High blood pressure has been associated with elevated atherogenic blood lipid fractions, but epidemiological surveys often give inconsistent results across population subgroups. A better understanding of the relation between blood pressure and blood lipids may provide insight into the mechanism(s) whereby hypertension is associated with increased risk of coronary heart disease.
Methods and Results. We assessed the cross-sectional relations of serum total cholesterol, high density lipoprotein (HDL) cholesterol, non-HDL cholesterol (total minus HDL cholesterol), and triglyceride levels with blood pressure in a population of 8,081 men 20-54 years old and 7,663 women 20-49 years old. Stratified analyses and multivariable methods were used to control for potential confounding anthropometric and lifestyle variables. Total and non-HDL cholesterol levels increased significantly with increasing systolic or diastolic blood pressure in both sexes. Men 20-29 years old had steeper regression slopes for blood pressure by total cholesterol level than did women of similar age. In men, the association between blood pressure and total cholesterol level decreased with age, whereas in women, it increased with age. Body mass index modified the relation, whereas smoking, physical activity, and alcohol consumption had little influence on the association. Triglyceride levels increased with blood pressure, but this relation was weak in lean subjects. HDL cholesterol level correlated positively with blood pressure in population subgroups having a high alcohol consumption.
Conclusion. These results support the hypothesis that there are biological interrelations between blood pressure and blood lipids that may influence the mechanisms whereby blood pressure is associated with risk of coronary heart disease. (Circulation 1991; 83:1305 -1314 H ypertension and hypercholesterolemia each predispose to coronary heart disease, but the two acting in concert alter risk substantially because their combined effects are considered to be multiplicative rather than additive.1-3 Persons with a combination of risk factors are, therefore, at particularly high risk of coronary heart disease. Hypertensive subjects frequently have higher cholesterol levels than do normotensive subjects.4-6 A positive relation between serum cholesterol level and blood pressure has been reported in many epidemiological studies,37-13 but the results have often been inconsistent across population subgroups,10-13 and cholesterol, and triglyceride levels in a free-living population of more than 16,000 young and middle-aged men and women. This large data set allowed an analysis of how these relations depend on sex, age, body weight, and lifestyle factors.
Methods

Subjects
In 1979-1980, all men 20-54 years old and all women 20-49 years old (21,329 subjects altogether) living in the municipality of Troms0, Norway, were invited to participate in a health survey. Seventyeight percent (n=16,621) of those invited attended. The attendance rate was higher in women than in men, and it increased with age; from 72.4% in women [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] 23 and bicycle ergometry,24 respectively. The questionnaire was checked for logistics at the examination, and women were interviewed about the use of oral contraceptives and menopausal status. A second questionnaire that also covered alcohol habits was filled in at home and returned by 88.2% of those who attended the survey. The reported frequency of inebriation (never or not last year, a few times per year, or once or more per month) is strongly associated with levels of serum y-glutamyltransferase levels25 and with the usual alcohol consumption26 in this population.
Measurements
The participants were not requested to fast. Height and weight were measured in light clothing without shoes: body mass index was calculated as the weight in kilograms divided by the square of the height in meters. Blood pressure was measured by nurses trained according to tape recordings produced by the London School of Hygiene and Tropical Medicine, with the first and fifth Korotkoff phases recorded as systolic and diastolic blood pressures, respectively. After 4 minutes of rest, two readings were taken with a 1-minute interval, using a standard stethoscope and mercury sphygmomanometer. The lower value is used in this report. Venipuncture was performed with the participants in a sitting position; a tourniquet was used but was released before sampling. 
Statistical Analysis
Two-way analysis of covariance was performed separately for each sex and systolic and diastolic blood pressure with the sPss-x program.28 The analyses were performed with the lipids as dependent variables, blood pressure, and age (5-year age groups) as grouping variables, and log1o body mass index as the covariate. Because analyses using logtransformed and nontransformed triglyceride values gave similar results, the latter were used. Time since last meal was included as a covariate only in the analyses of triglyceride levels. Linear trend was evaluated by testing partial regression coefficients in corresponding multiple linear regression analyses of the lipids. The frequency distribution of total cholesterol level was compared in subjects with diastolic blood pressure less than 70 mm Hg and greater than 99 mm Hg in a pooled analysis of men and women. In this analysis, age adjustment was done by the direct method29 with 5-year age groups and the total study population (n = 15,744) as standard.
Next, the age-adjusted regression coefficients (slopes) for blood pressure on the lipids were calculated within strata divided by age, body mass index, smoking habits, physical activity at leisure, and the frequency of inebriation by alcohol. Residual analysis within each stratum did not reveal extreme data points influencing the results. The significance of differences between the regression coefficients was tested according to the formula z = (B1 -B2) 2 where B1 and B2 are the regression coefficients and SE1 and SE2 are the respective standard errors. The mean values for cholesterol by diastolic blood pressure and age were computed. The mean values for triglyceride levels were computed by diastolic blood pressure and body mass index (adjusted for age and time since last meal by one-way analyses of covariance). Last, we evaluated the independent association between the lipids and blood pressure by testing partial regression coefficients in multiple linear regression analyses. The tests are two tailed throughout. A correlation matrix of the variables included in the study is provided in the "Appendix."
Results
Total Cholesterol Level
The age-adjusted Pearson correlation coefficient of serum total cholesterol level with diastolic blood pressure was r=0.14 in men and r=0.10 in women; the coefficients for systolic blood pressure were slightly lower. Table 1 shows the progressive increase in the age-adjusted levels of serum total cholesterol with increasing levels of diastolic or systolic blood pressure in men and women. Controlling for body mass index modifies the relation, but the association remains highly significant.
The age-adjusted linear regression slopes for systolic and diastolic blood pressures on total cholesterol level were significant for men and women in all sex-and age-specific strata (Table 2) . Whereas the slopes for women increased with age, the slopes for men decreased. The slopes were steeper for men 20-29 years old than for women in the same age group (p<0.01). The linear regression slopes underestimate the age and sex contrasts, however, because there is a nonlinear relation between blood pressure and cholesterol in men 20-39 years old and in women 40-49 years old ( Figure 1 ). In these groups, the increase in cholesterol level at diastolic blood pressures greater than 99 mm Hg is particularly great. In men 20-29 years old, the cholesterol level increase between extreme diastolic blood pressure categories was 1.03 mmol/l (20.2%). Postmenopausal women 40-49 years old had steeper slopes than did menstruating women of similar age (not significant) ( Table 2) . Postmenopausal women had significantly steeper slopes than did women 20-39 years old (p=0.0002 for systolic and p=0.001 for diastolic blood pressures).
The blood pressure-cholesterol association was significant within strata divided according to body mass index, but the slopes tended to be steeper for those with body mass index above the sex-specific median value than in leaner subjects. Nonsmokers had somewhat steeper slopes than did smokers (Table 2). For both sexes, the total cholesterol-blood pressure relations were similar within strata divided according to levels of physical activity in leisure time, alcohol consumption, or (in women) the use of oral contraceptives (data not shown). Figure 2 shows that the age-adjusted frequency distribution of total cholesterol level is shifted to the right for persons having diastolic blood pressure greater than 99 mm Hg compared with those having diastolic blood pressure less than 70 mm Hg. The cholesterol distribution curve for subjects with diastolic blood pressure of 70-99 mm Hg had an intermediate position. Among persons with diastolic blood pressure greater than 99 mm Hg, 61.5%, 29.7%, 11.1%, and 4.5% had total cholesterol levels greater than 6, 7, 8, and 9 mmol/l, respectively. The corresponding values for subjects with diastolic blood pressure less than 70 mm Hg were 33.3%, 13.2%, 3.2%, and 0.5%. Cholesterol levels less than 5 mmol/1 were found in 14% of those with diastolic blood pressure greater than 99 mmHg in contrast to 32.1% of those with diastolic blood pressure less than 70 mm Hg.
HDL Cholesterol and Triglyceride Levels
In men, the age-adjusted levels of HDL cholesterol showed a slight increase with systolic but not with diastolic blood pressure, whereas in women, there was no significant linear trend (Table 1) . Controlling for body mass index strengthens these associations. Large contrasts were found when participants were stratified by alcohol consumption: Low consumers tended to have an inverse relation between HDL cholesterol and blood pressure, whereas a positive relation was found in high consumers ( Table 3) . The associations remained nonsignificant in the lower consumption category after statistical adjustments for body mass index, whereas the positive relation was strengthened in the other categories (not shown).
The positive association of serum triglyceride levels with blood pressure was significant also after linear adjustment for body mass index (Table 1 ), but the increase with blood pressure is greater in subjects with body mass index higher than the median value than in leaner subjects. This contrast is particularly strong for diastolic blood pressure (Table 3 and Figure 3 ).
Multivaniable Analysis
Serum total cholesterol, HDL cholesterol, and triglyceride levels each have an independent positive relation with diastolic and with systolic blood pressures (data not shown) when accounting simultaneously for the confounding effects of age, body mass index, and lifestyle variables (Table 4) . HDL cholesterol was not significantly associated with diastolic blood pressure when body mass index was removed as a covariate from the multiple linear regression models. Table 5 presents the association between diastolic blood pressure and total, VLDL, LDL, and HDL cholesterol levels in 323 fasting subjects. Because the trends were similar in men and women, the results of a pooled analysis adjusting for sex and age are shown. The values indicate that both VLDL and LDL cholesterol levels are increased at high blood pressures, but the trends remained significant only for total cholesterol level (p=0.03) after statistical adjustments for body mass index. 
Discussion
The present study consisted of a large population of men and women with a broad age range, which allowed a detailed analysis of the association between total cholesterol level and blood pressure. The consistent positive relation between blood pressure and cholesterol level within population strata suggests that there is a biological interrelation between the two major coronary heart disease risk factors.
The results show that differences in total cholesterol levels are not confined to comparisons of "hypertensive" versus "normotensive" subjects but that there are graded and continuous interrelations throughout the usual range of blood pressure in this population; the higher prevalence of extreme lipid abnormalities in hypertension is secondary to a shift of the whole distribution curve to the right.
Previous research has also shown a positive association of blood pressure with total cholesterol level,3,7-13 but the results have been varied. Although no relation was found in some studies,30,31 findings were inconsistent across population strata in other studies.10-13 Several factors may explain these discrepancies. First, the age and sex distribution of the population under study may influence the results. The present study consisted of a predominantly young adult population, and the results indicate that the strength of the association is greater in younger than in older men. Next, biological interactions between risk factors may be more easily detected in populations with a high prevalence of elevated risk factors32; this may explain why the clustering of cholesterol level with blood pressure seems to be stronger in a high-risk population, such as in Eastern Finland,8 than in a low-risk population, such as in Southern California.3 Last, many studies relied on linear adjustments, and the results were often reported as a partial correlation or regression coefficient: they Total cholesterol (mmol/L) FIGURE 3 . Plot ofmean concentrations ofserum triglyceride levels (mmol/l) by diastolic blood pressure in men and women greater and less than the sex-specific median value for body mass index (BMI). Adjusted for age and time since last meal. T bars are SEM.
tions. One reason for this is that most studies, including this one, rely on measurements of the variables on a single occasion. Such measurements are subject to random fluctuations due to the measurement process and to temporary deviations from an individual's usual value.33 Because of the diluting effects of such fluctuations, estimates based on single measurements will underestimate the real association between the level of usual blood cholesterol and the level of usual blood pressure, implying that the actual clustering of the risk factors may be stronger than observed. In the Seven Countries study, the correlation of serum cholesterol level with blood pressure was r=0.13 and that of body mass index with blood pressure was r=0.20.7 Compared with blood cholesterol level, the random fluctuation of body mass index is negligible, implying that the real association of cholesterol level with blood pressure may not be much less than that of body mass index.
The present study suggests that clustering of cholesterol level with blood pressure is more pronounced in men 20-39 years old than in women of similar age and that clustering decreases with age in men and increases with age in women. Similar results have been reported for men,8,9,11 and a recent Italian study found similar contrasts in age trends between the sexes.13 Selection bias may partially explain such age and sex differences if the attendance rate varies and if nonattenders have risk factor levels different from those of attenders. However, nonattendance in the younger age groups in this study was mostly due to work situations or other social commitments and was due to a much lesser extent to health or risk factor status. Because we found a steeper slope in men of this age, a selection bias is an unlikely explanation for the difference between the two sexes in the younger age group. In the older age groups, selective survival and low attendance by those already affected by the disease could explain part of the difference between the sexes because the prevalence of coronary heart disease is higher in men than in women. This kind of bias is not likely to be large, however, given that the incidence of coronary heart disease is still low in the older age groups of the present study population and because the nonresponse was rather small in these age groups.
A final possibility is that these contrasts are the results of physiological mechanisms that operate differently depending on age and sex. One such factor may be sympathetic nervous overactivity. Heightened sympathetic drive is a characteristic of young people with hypertension,34,35 maybe particularly in young men. 5 Augmented sympathetic nerve activity, associated with increases in blood pressure, may also produce unfavorable metabolic effects, such as increases in atherogenic blood lipid concentrations.18,36-38 Enhanced sympathetic drive can, therefore, be one underlying factor for the greater association of cholesterol level and blood pressure in younger than in older men. In a recent populationbased study of young adults,5 borderline hypertension, associated with sympathetic hyperactivity34 and lipid abnormalities,39 was three times more frequent in men than in women. Generally, among young adults, hypertension is more prevalent in men than in women. 10 However, we are not aware of studies that have specifically examined the hypothesis that young men are more susceptible to the pressor and metabolic effects of sympathetic overactivity than are young women.
The nonfasting status of the great majority of participants precluded the calculation of VLDL and LDL cholesterol levels in these subjects. The subgroup analyses in fasting subjects suggest that the association of blood pressure with cholesterol is due to both VLDL and LDL cholesterol levels, but these results should be interpretated with care because these subjects may not represent the total study population. In the total study group, the age-adjusted correlation of non-HDL cholesterol level with diastolic blood pressure was r=0.13 for men and r=0.10 for women. The correlation of LDL cholesterol level with non-HDL cholesterol was r=0.98 in the fasting group. These results suggest that blood pressure is associated with the atherogenic blood lipid fractions in both the LDL and VLDL regions of the lipoprotein distribution. 40 The age-adjusted relation of HDL cholesterol level with blood pressure was weak, but a significant positive association was found in the highest alcohol consumption category. Alcohol has a pressor effect41 and may increase HDL cholesterol level by increasing the levels of lipoprotein lipase.42 Body mass index is positively related to blood pressure and inversely related to HDL cholesterol level (see "Appendix") and, thus, strongly modifies the associations between HDL cholesterol level and blood pressure.
The increases in total cholesterol or triglyceride level with blood pressure were greater in overweight than in lean subjects. This suggests that body mass in itself or factors associated with body mass are related to concomitant elevations of blood pressure and blood lipids. Peripheral insulin resistance and hyperinsulinemia have been suggested as mechanisms linking hyperlipidemia with hypertension, and decreased insulin sensitivity may be found more frequently in obese than in nonobese persons. 5.19 Although sympathetic nervous activity and insulin resistance may link hypertension and lipid abnormalities, it is also possible that functions of biological membranes influencing blood pressure may be altered, depending on plasma fatty acid composition or lipoprotein concentrations. We recently showed that w-3 polyunsaturated fatty acids, which are found at high levels in seafoods, may lower both blood pressure and triglyceride levels in hypertension. 43 Other research suggests that the lowering of LDL cholesterol level is associated with lowered incidence of hypertension17 and that LDL cholesterol may blunt endothelium-dependent vascular relaxation. 1',16 In the present study, men with diastolic blood pressure greater than 99 mm Hg had on average a total cholesterol level 0.69 mmol/l higher than men with diastolic blood pressure less than 70 mm Hg; in younger men, the difference was greater. Such a cholesterol difference alone imparts a 30% increment in 8-year risk of myocardial infarction in this population. The synergistic relation between risk factors implies, however, that the increment may be larger at high levels of blood pressure. These results provide population-based support for the hypotheses that there are biological interrelations between blood pressure and atherogenic blood lipid fractions and that pathophysiological factors underlying these interrelations may influence the mechanisms whereby hypertension is associated with increased risk of coronary heart disease.
